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FUNCTIONALIZATION OF TWO-DIMENSIONAL TUNGSTEN DISELENIDE  
 
AND MXene FOR TUNABLE OPTICAL PROPERTY   
YUEYIN WANG 
ABSTRACT 
Since the discover of graphene in 2004, two-dimensional (2D) materials have gained 
tremendous attention because of their distinctive properties relative to their bulk form. 
Particularly, transition metal dichalcogenides (TMDs) and 2D transition metal carbides and 
nitrides (MXenes) have shown promising applications in flexible electrical and 
optoelectronic devices. Due to the atomically thin nature, the electronic band structures of 
these materials are very sensitive to the small changes in the lattice and the surface 
functionalization, offering a dimension to tune the properties of the materials. In this thesis, 
approaches to functionalize monolayer WSe2 and MXene were explored. The as-grown 
chemical vapor deposition (CVD) monolayer WSe2 flakes were treated by plasma assisted 
doping method. Specifically, Methane plasma was used as carbon dopant source to 
introduce p-type lattice doping into monolayer WSe2. In addition, chemical reactions 
between perfluorophenylazides (PFPA) organic molecules and WSe2 flakes were 
conducted where the PFPA molecules may covalently bonded to the WSe2 surface. 
Similarly, the PFPA functionalization was applied to MXene, an emerging 2D material 
with high conductivity. Shifts and intensity change were observed in Raman spectra after 
the functionalization, indicating structural and electric structure changes might be 
introduced. Further characterizations of the structures and electric properties will be taken 
in the near future. 
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CHAPTER ONE Introduction 
1.1 Overview of Two Dimensional(2D) Materials 
Ever since the first 2D material graphene was discovered by Novoselov et al1. in 2004, 
hundreds of 2D materials consists of different element with extensive properties such as 
hexagonal boron nitride (h-BN), transitional metal dichalcogenides (TMD) and MXene 
(i.e. 2D transition metal carbides and nitrides) were under research. These 2D materials 
have generated tremendous research interests due to their distinctive properties relative to 
their bulk counterpart. 2D materials are unique compared to their bulk form due to three 
reasons. First, the removal of van der Waals interaction in the layered bulk material will 
results in large tensile strength (i.e. graphene has a tensile strength 1000 times greater than 
graphite). Secondly, the increased ratio of surface area-to-volume makes 2D materials 
more reactive than their bulk counterparts. More importantly, the change from bulk to 2D 
usually leads to the change of band structure thus further change the electronic and optical 
properties of the materials2. For example, TMDs such as MoS2 and WSe2 undergo an 
indirect-to-direct band gap transition from the multilayer to monolayer form due to the 
quantum confinement effect3. These 2D materials have opened up the gate of application 
in the field of photovoltaics, semiconductors and electrodes. 
1.2 Introduction of 2D Tungsten Diselenide (WSe2) 
TMDs have drawn increasing attention due to their unique electrical, optical and 
mechanical properties. Typically, 2D TMDs are atomically thin materials of formula MX2 
(Figure 1.2a) with M, transition metal from group IVB to group VIII atom (Mo, W, etc.) 
and X, chalcogen atom (S, Se, and Te). A monolayer (ML) TMD consists of a three-atomic 
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layer structure where one layer of M atoms sandwiched between two layers of X atoms in 
the form of X−M−X (MX2). Owing to the atomic thickness, 2D TMDs are very sensitive 
to doping4, strain, external fields and environmental effects, which provides extra tunability 
for optoelectronic applications. Moreover, because of the high carrier mobility, good 
flexibility and transparency, 2D TMDs are well suited for integrating into nanoelectronic 
and optoelectronic devices5. They can also stack layer-by-layer with each other to form 
hetero-structures with desired functionalities without the lattice matching constraint6. 
 
Figure 1.2 structure of 2D Tungsten diselenide (WSe2) 
Among the family of semiconducting TMDs, WSe2 is of great importance since it can 
achieve electron-dominated, hole-dominated or ambipolar transport behaviors by 
controlling the number of layers or choosing a suitable contact metal7. Due to its direct-
bandgap structure, monolayer WSe2 possess superior optical properties such as high 
quantum efficiency thus displays a robust photoluminescence. Based on the excellent 
photoresponse of WSe2, a variety of optoelectronic devices such as photodetectors, light-
emitting diodes and photovoltaic devices have been fabricated and shown promising 
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performance. Furthermore, the unique electronic band structure of monolayer WSe2 leads 
to intriguing excitonic behaviors8, which showcases the potential application of 2D WSe2 
in nanophotonics and excitonic devices. 
1.3 Introduction of 2D MXene  
2D transition metal carbides and nitrides, named MXenes (figure 1.3a), are emerging 
materials which were first synthesized in 2011 by Yury Gogosti et al9. and has gained 
increasing attention owing to its excellent mechanical properties, high metallic 
conductivity (∼6000−8000 S/cm), and hydrophilic surfaces10. In Gogosti’9s method, 
MXenes are prepared by etching out the A layers from the bulk ternary carbides and 
nitrides crystalline MAX phases (Mn+1AXn), where “M” represents transition metals (Sc, 
Ti, V, Nb, Ta, Cr, Mo, etc.), “A” represents group IIIA or IVA elements and X represents 
either carbon or nitrogen, or both. The general formula of 2D transition-metal 
carbides/nitrides (MXenes), Mn+1XnTx (n = 1, 2, 3) are obtained after etching off the A 
element, where T stands for the surface terminations such as −OH, −F, and −O− that render 
MXenes hydrophilic (where x is their fractions).  Most of the single- or few-layer MXene 
flakes are obtained from colloidal solutions and because of the solution-processable 
propertiy11, materials have the potential to be highly scalable, deposited by spin, spray, or 
dip coating, or fabricated in a variety of ways. 
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Figure 1.3 structure and synthesis process of MXene   
MXene is unique among 2D materials because of its extraordinary physical properties. 
Particularly, they are called “conductive clay” due to the combination of hydrophilicity and 
high electrical conductivity12. Compared with some relatively well-studied 2D materials, 
the biggest advantage of MXene is the appreciable conductivity and tunable mechanical 
strength which generates the applications in flexible devices. Newly developed MXenes 
open up the opportunity to many potential applications such as battery electrodes, 
optoelectronic devices, catalysis, and energy storage devices13. 
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CHAPTER TWO Chemical Vapor Deposition (CVD) and Doping of Monolayer 
WSe2   
2.1 Motivation   
Controlled growth of large-area and high quality monolayer WSe2 is a prerequisite for the 
subsequent resesrch. There are typically two methods to synthesize monolayer TMDs, 
“top-down” (exfoliation methods) and “bottom-up” (CVD) approaches1. Researches have 
shown that CVD is promising for synthesis of scalable size, high-quality mono- or few-
layer TMDs due to its simple and straightforward feature2. In the CVD growth of TMDs, 
solid state metal oxides and chalcogen powders are usually used as precursors to be 
delivered to the substrate at controlled flux. One particular feature disdinguishes the growth 
of monolayer WSe2 from other TMDs is the high sublimation temperature of tungsten 
oxide (e.g. WO3 and WO2.9) thus it requires careful optimization of the temperature, 
pressure and carrier gas flow rate to achieve steady and sufficient vapor flux of the tungsten 
precursor. These growth parameters will influence the shape, size and thickness of the as-
grown WSe2 thus further influence the optical properties
3. In this chapter, we studied the 
growth mechanism and compared the effect of different growth promoters on the synthesis 
of monolayer WSe2.  
Tungsten oxide and selenium powder were used as source materials for the growth. One 
major challenge during the growth is the delivery of precursor to the substrate, which is 
related to the sublimation temperature of tungsten oxide and selenium, thus the distance of 
precursors and temperature should be precisely controlled. According to previous 
researches4, the synthesis of WSe2 is extremely difficult due to high sublimation 
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temperature of tungsten oxide5, which requires either high temperature or low pressure. To 
address this issue and to improve growth condition, many researches have been focused on 
using growth promoters or seeding promoters to facilitate the nucleation and growth. 
Organic molecules and aklai metal halide salts are two typical prompters for the CVD 
growth of TMDs, holding different mechanisms6. Li et al.4 reported that reactions between 
alkali metal halides and tungsten oxide precursor facilitate WSe2 growth by forming 
volatile or gaseous tungsten based halide products such as WOCl4, WO2Cl2 thus lower the 
growth temperature to 700 ◦C under atmospheric pressure. Lee et al.7 reported the use of 
perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt (PTAS) as seeding promoters for 
monolayer MoS2. We systematically studied and compared the aforementioned two 
methods to grow monolayer WSe2 and optimized the growth condition. 
Due to the unique properties inherently linked to the fundamental electronic structures of 
monolayer WSe2, various electrical and optoelectronic devices such as light-emitting 
diodes (LEDs), solar cells and field-effect transistor (FET) have been under research8. 
TMDs FETs performance are often affected by Schottky barriers (SBs) at the 
metal/semiconductor interfaces9, therefore electrical properties are limited by contact 
resistances. Extensive effort was devoted to exploiting feasible methods to tune the 
electronic properties of monolayer WSe2. In general, the property of 2D materials can be 
tuned by doping, chemical functionalization and strain engineering10. Among these 
methods, doping is a powerful tool to tailor both the material’s carrier concentration and 
crystalline structure controllably, and tune the electronic transport characteristics. To 
facilitate TMDs into future electronic devices, doping has been extensively utilized for 
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various optoelectronic applications. 
The essence of doping is the modulation of the mobile charge concentration. There are 
several doping techniques, including surface doping, substitution doping and defect 
induced doping. Surface doping depends on the interfacial charge transfer between the as-
doped materials and dopant11. This method mainly relies on the molecular physical 
adsorption and will not introduce significant defects into the material, thus preserves the 
fundamental transports properties of the material. Fang et al12reported the use of NO2 
molecules as effective p-dopants for monolayer WSe2 which results in surface electron 
transfer from WSe2 to NO2 because of the strong oxidizing nature of NO2 molecules. 
Although physical adsorption of molecules can lead to doping effect, it is not an ideal 
method because molecules are unstable on the surface due to the desorption of molecules. 
Substitution doping is through substitution of the transition metal or the chalcogen atoms  
in TMDs with foreign  atoms13. Suh et al14 demonstrated a stable p-type conduction in 
MoS2 by incorporating Nb atoms into MoS2 lattice to replace some Mo cations in the host 
lattice, leading to a hole density of ∼3 × 1019 cm−3. Defect-induced doping is usually 
achieved by using mild plasma treatment to engineer defects in the WSe2 lattice. Mahmut 
Tosun et al15 studied defect-induced n-doping of WSe2 by using a mild plasma treatment 
(He or H2) to create anion (Se) vacancies. Due to the low contact resistance with metals 
(e.g. Au), the FET performance was greatly improved. However, plasma-based doping 
disturbs the structure of the TMDs through defect formation and affect the properties and 
device performance of TMDs severely 16. Hence, exploration of a controllable and efficient 
doping method is required, which would be stable, easy to implement, and would not lead 
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to significant influence on the intrinsic structure in TMDs. Here, we proposed an 
investigation of carbon doping on 2D WSe2 by plasma treatment with methane (CH4) and 
its influence on the optical properties of WSe2. We hypothesize that the carbon doping at 
different levels will tune the band gap of WSe2 in a large range from visible to infrared, 
since tungsten carbide (WC) is metallic and WSe2 is semiconducting. 
2.2 Results and discussion 
Figure 2.2a-b show the setup for halide-assisted and PTAS-assisted CVD synthesis, 
respectively. Briefly, in halide-assisted growth 100 mg mixture of sodium chloride and 
tungsten oxide were put in a ceramic crucible and placed at the center of tube with growth 
substrate facing down. 40 mg of selenium was placed in a crucible 20 cm away from the 
center of the quartz tube. Ar and H2 were used as carrier gases. The furnace was ramped up 
to 800 ◦C at the rate of 30 ◦C /min and hold at 800 ◦C for 5 min to grow under atmospheric 
pressure. As for PTAS-assisted growth, different from NaCl promoter, a small droplet of 
PTAS is dropped on the two small substrate at the concentration of 2 mg/mL and dried by 
N2 gun. Details were described in experimental method. 
The sample quality can be strongly affected by several CVD parameters such as 
temperature, distance between crucibles, gas flow amount and ratio. For alkali metal 
halides NaCl promoter growth, in most situations, only WSe2 particles were grown (figure 
2.2c). Under proper condition, small thick triangular or hexagonal shape flakes were 
obtained (figure 2.2d). The optical contrast of WSe2 and Si substrate usually reflects the 
thickness of WSe2, the thicker the nanostructure, the deeper the color. The lateral size of 
WSe2 flakes were smaller than 10 microns. In contrast, with PTAS as the seeding promoter, 
  
11
the as-grown WSe2 flakes were much larger, uniform triangular monolayers with the size 
20–30 microns (figure 2.2e). The mechanisms of two growth promoters were studied. For 
alkali metal halides sodium chloride promoter, NaCl will react with tungsten oxide to form 
volatile oxyhalides WOCl4 (g) and WO2Cl2 (g), thus promote the tungsten oxide into vapor. 
Then oxyhalides will react with Se and H2 in the vapor phase to form WSe2. Under this 
condition, the vertical growth will be enhanced, so the flakes we obtained by this condition 
are relatively thick. For organic aromatic molecules PTAS which functions as 
heterogeneous nucleation sites for the formation of WSe2 nuclei. It will lower the free 
energy of nucleation and enhance the wettability of growth substrate and further promoted 
adsorption of tungsten oxide on the substrate. 
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Figure 2.2 (a), (b) CVD setup for monolayer WSe2 growth (c)-(e) optical image of WSe2 
particles, NaCl-promoted WSe2 and PTAS-promoted WSe2. (f), (g) Raman and PL spectra 
of pristine monolayer WSe2 and RIE treated monolayer WSe2 at 10 W (h), (i) Raman and 
PL spectra of pristine monolayer WSe2 and RIE treated monolayer WSe2 at 4w. 
 
The PTAS-assisted grown WSe2 flakes are characterized using photoluminescence (PL) 
and Raman spectroscopy (figure 2.2f-i). The as-grown WSe2 exhibits an intense PL at 
around 1.6 eV and is correspond to the reported PL data of the monolayer WSe2 (around 
1.65 eV17). For Raman spectra, the principle peak is located at 251.61 cm−1 correspond to 
the in-plane vibrational E2g and out-of-plane vibrational A1g modes reported in 
references18, respectively. 
In the previous research, plasma treatment has been used as an efficient way to incorporate 
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foreign atoms via anion substitutional doping. On the basis of that strategy, we used 
reactive ion etching (RIE) with proper power to generate plasma. Carbon has been 
commonly used as an acceptor anion dopant for semiconductors due to its low activation 
energy, low diffusivity and high solid solubility13. In the RIE treatment, we use CH4 as 
carbon source. By controlling the power of reactive ion etching to be low, we may achieve 
doping rather than etching. Before and after RIE treatment, optical microscope, Raman and 
PL spectra were taken to characterize the same WSe2 flakes. When using the power of 50 
W, treating the WSe2 for 10 s at 60 Torr (10 s is the minimum time length needed to 
generate plasma), all flakes were etched away by plasma, indicating the power is too strong. 
At the power of 10 W with the same time and pressure, under the optical microscope, we 
found some of the flakes were etched but some of them remains. From Raman spectra 
measurements (figure 2.2f), no obvious Raman shift was observed. Figure 2.2g shows that 
PL signal was quenched after treatment, indicating there could be a serious structure 
change in the crystal. When the intensity was further lowered to 4 W and treated at the 
same time and pressure, the intensity of Raman spectra (figure 2.2h) decreased but didn’t 
shift. Figure 2.2i shows PL intensity decreased but didn’t disappear and the peak position 
shifts to 1.59 eV. The intensity change may be caused by increasing of non-radiative 
recombination of electron-hole pairs due to the high defect concentration or carbon doping 
in the lattice. The small change of PL energy from 1.61to 1.59eV indicates the unsuccessful 
of carbon doping. If proper amount of carbon atoms were incorporated into Se vacancies 
within WSe2, the concentration of hole should increase and will further increase the trion 
concentration. Because trion PL located at the lower energy side of the exciton PL peak, 
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the PL energy should shift to lower energy. Besides, doping also leads to the change of the 
exciton binding energy thus further influence the PL energy. At this stage, no PL energy 
change was observed, indicating the bandgap structure of monolayer WSe2 remained the 
same. The possible reason could be i) the amount of carbon atoms were not sufficient to 
achieve doping. ii) carbon atoms were not effectively incorporated into WSe2 lattice.  
2.3 Summary 
In this chapter we explored CVD growth of WSe2 under two different promoters, alkali 
metal halides NaCl and organic aromatic molecules PTAS. PTAS-assisted growth is a 
simple and productive method to obtain high quality and large scale monolayer WSe2 
flakes. Plasma treatment with methane on monolayer WSe2 leads to PL and Raman 
intensity change but not peak position change. RIE treatment should be implemented at a 
more optimized condition to achieve carbon doping. Besides, more characterization 
methods such as transmission electron microscopy (TEM), X-ray photoelectron 
spectroscopy (XPS) and FET characterization could be carried out to further confirm 
carbon doping of monolayer WSe2.   
 2.4 Experimental method  
Alkali metal halides assisted growth of WSe2 A 1-inch diameter horizontal fused quartz 
tube furnace was used. A crucible loaded with 40 mg Se powder was placed in the upstream 
region of the furnace. Another crucible containing 100 mg mixture of sodium chloride and 
tungsten oxide (ratio of 9:1) was placed at the center of tube with growth substrate 
substrates facing down. The whole system was purged by 1000 sccm of Ar 3 min to remove 
air and moisture before heating. Then the mixture of carrier gas Ar/H2 at ratio of 40/10 was 
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introduced and the furnace was ramped up to 800 ◦C at the rate of 30 ◦C /min and hold at 
800 ◦C for 5 min to grow under atmospheric pressure.  
PTAS promoted growth of WSe2 The experimental setup is the same as above. The only 
difference is the crucible at the center of the furnace was contained 100 mg pure tungsten 
oxide and there were three 300 nm SiO2/Si substrate substrates facing down on the crucible. 
One of the substrates was used for growth and the other two were coated with a small 
droplet. (2-3 μL) of growth promoter PTAS solution (0.2 g/L) respectively and were dried 
by N2 gun. The whole system was purged using 1000 sccm Ar 3 min to remove air and 
moisture before heating. Then the mixture of carrier gas Ar/H2 at ratio of 40/10 was 
introduced and the furnace was ramped up to 800 ◦C at the rate of 30 ◦C /min and hold at 
800 ◦C for 5min to grow under atmospheric pressure.  
Characterization of WSe2 monolayers: The morphology and optical properties of 
monolayer WSe2 were characterized using optical microscopy, Raman and PL 
spectroscopy and SEM. Raman and PL measurements were performed on a Renishaw 
Raman microscope with 532 nm excitation lasers.  The laser power irradiated on the sample 
was about 0.02 mW. A 100× objective was used to focus the laser beam.  
Carbon doping of as-grown WSe2 monolayer: The as-grown WSe2 was treated by RIE. The 
RIE processing conditions for all experiments were as follows: CH4/H2 gas mixture of ratio 
1:5 was applied (total flow of 60 sccm), 60 mTorr pressure, 50 W, 10W, 4 W of RF power 
for three experiments, respectively. The processing time was 10 s.  
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CHAPTER THREE Functionalization of 2D Titanium Carbide(Ti3C2TxMene) 
  
3.1 Motivation 
As an emerging 2D materials possessing outstanding mechanical and electrical properties 
and also some intrinsic shortcut, researches has been carried out on MXenes to modify its 
properties and leads to possible applications. Previous researches have shown that surface 
functionalization can be an effective method to tune both mechanical and electrochemical 
properties of MXene1–3. As mentioned in Chapter 1, MXenes were obtained by etching A 
layers from MAX phases4. The removing of A layers results in unavoidable layer-structure 
stacking among MXene layers, this will hamper the utilization of surface area and restrain 
electrolyte access within each MXene flake in electrochemical application. The surface 
reactivity is related to capacitive performance. If the MXene surface reactivity is high, then 
the electrolyte can access more electrochemical active sites on the MXene flakes and 
results in higher capacitance5. Therefore, surface functionalization of MXene by high 
active species to improve surface reactivity is important to tune their electrochemical 
properties. In the research of  Wang et al.1, Ti3C2Tx MXene were functionalized with 
phenylsulfonic groups which results in the aryl groups attached onto the MXene surfaces 
in the form of strong MXene-aryl (Ti–O–C) linkages. Inspired by the research which shows 
that chemically grafting on MXene surface will result in enhanced capacitance, we were 
searching a method to similarly functionalize MXene to tune its optical properties. 
In this session, a simple method of functionalization is explored and the effect of 
functionalization is studied. The MXene we use in our experiment was denoted as Ti3C2Tx, 
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where T stands for surface terminations –OH and −O− (x is their fraction). Those surface 
functional groups play an important role on the properties of MXenes. Eames and Islam6 
found that functional groups could significantly affect capability of MXenes, the oxygen 
functionalized MXenes have the highest capability. As for mechanical properties, Guo et 
al.7 found that due to the slowdown effect of surface collapses by functional groups, Ti2CT2 
can sustain much larger strains than the bare Ti2C. Ling et al.
8 have shown that composites 
of Ti3C2Tx/polymer possess high mechanical flexibility and high capacitance.   
Searching for a proper chemical to do the functionalization is important. 
Perfluorophenylazide (PFPA) molecules has been proved to be an efficient chemical to 
immobilize graphene, tailoring the surface properties of solid surfaces and nanoparticles. 
It is general and versatile. Besides, the surface density of the immobilized molecules can 
be controlled by applying different PFPA solution concentrations. Covalent 
functionalization can improve graphene’s physical and chemical properties such as 
conductivity, solubility and stability. Liu et al.9 successfully functionalized graphene by 
PFPA through photochemical or thermal activation, which  was converted to highly 
reactive singlet perfluorophenylnitrene that can form the aziridine adduct through C=C 
addition reactions with the sp2 C network in graphene. By controlling different functional 
groups of PFPA molecules, graphene with well-defined chemical functionalities can be 
prepared. The functionalization of graphene has become a reference for all 2D materials. 
In this session, PFPA molecules were used to treat MXene films. PFPA bearing (i) carboxyl 
(ii) amino (iii) methoxy groups were applied and compared at different concentrations.  
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3.2 Results and discussion 
The Ti3C2Tx MXene films was synthesized by etching Al layers from bulk crystalline 
Ti3AlC2 phases following Gogosti et al.’s work
4. MXene films were assembled by 
Marangoni method, inspired by Kim et al.10.The process is shown in figure 3.1a. The as-
synthesized Ti3C2Tx was dispersed in the anhydrous isopropyl alcohol (IPA) by sonication. 
Then, hexane was added on top of the water as evaporates because it possesses a lower 
surface tension and higher volatility than water. Then MXene solution drops were injected 
to the interface of water and hexane. MXene flakes began to automatically assembled 
together at the interface. After hexane was completely evaporated, the floating MXene film 
was shifted out using a silicon substrate. The morphologies of the as-synthesized Ti3C2 
films were characterized using optical microscope, transmission electron microscope 
(TEM) and atomic force microscope (AFM) (figure 3.1b-d). According to different 
contrast on the optical image, MXene film with different thickness was obtained. Optical 
image shows the MXene flakes stacking together with each of the lateral size reaching over 
3 μm. AFM shows the thickness of a single flake, the vertical size of a single layer is about 
2 nm.  
 
Figure 3.1. (a) Schematic representation of MXene film assembly.  
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Figure 3.1. (b)-(d) Optical image, TEM and AFM of as-grown MXene film. 
Functionalization MXene by PFPA molecules. MXene films were functionalized by 
PFPA molecules as described in experimental methods. In order to compare the structure 
and property change of the materials before and after functionalization straightforwardly, 
we used MXenes that scooped by a glass substrate to do the experiments, since MXene is 
stable on the substrate. Such MXenes on a substrate is used for the functionalization. Three 
PFPA molecules were applied in the experiment, PFPA-NH2, PFPA-OMe and PFPA-
COOH. The structure of three molecules were showed in figure 3.2a. Raman spectroscopy 
was used to characterize and analyze the reacted MXene flakes. Since the MXene films we 
used in the experiments were atomically thin, the Raman signal of MXene is not very strong 
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and results in low signal-to-noise ratio.  Raman spectra of pristine MXene and 
functionalized MXene with three different molecules were compared (figure 3.2b-e). 
When reacting with PFPA-NH2, the solution color turned from bright yellow to brown, 
suggesting the happening of the reaction. Figure 3.2b showed the Raman spectra of 
pristine MXene films (black line) and functionalized MXene films (colored lines) by 
PFPA-NH2 (resolved in IPA) at different concentrations and the color change of the 
reaction. There were peaks appeared at 1591, 1598 and 1614 cm-1, when treated under 2 
mg/mL, 4 mg/mL and 6 mg/mL PFPA-NH2 solution respectively. With the increasing 
concentration of PFPA molecules, the peak position blue shifted to higher wave numbers. 
The newly appeared peak on MXene may results in the Ti-O-C linkages because there are 
functional groups with high reactivity such as –OH and –O dangling on the MXene surface. 
At the concentration of 4 mg/mL, the wavenumber of newly appeared peak is corresponded 
to the intrinsic peak of PFPA-NH2 molecules, at around 1601 cm
-1(figure 3.2c). Besides, 
at the concentration of 4 mg/mL, there were 2 other peaks at 1185 cm-1 and 1275 cm-1, 
which were close to the intrinsic peak of PFPA-NH2 at 1195 cm
-1 and 1256 cm-1, which 
may further suggest that the molecules were absorbed to the MXene surface. More 
characterization methods are needed to explore the physisorbtion or chemical bonding 
between the MXene films and PFPA-NH2 molecules. In the experiment of PFPA-COOH 
and PFPA-OMe (figure3.2d-g), no obvious change of Raman spectra was observed and no 
color change of reactants solution, either. This phenomenon may result in the Raman 
resonant effect, since PFPA-NH2 has absorption at visible range and is in resonant with the 
excitation wavelength (532 nm). While for other two molecules, the transparent color 
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indicate that their molecular electronic transitions are not in resonant with the PFPA 
molecules. Absorption spectra is needed to confirm the Raman resonant effect. 
 
 
Figure 3.2 (a)structure of PFPA molecules 
 
    
Figure. 3.2 (b) Raman spectra of pristine MXene and functionalized MXene with PFPA-
NH2 (c) Raman spectra of pristine PFPA-NH2 
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Figure. 3.2 (d), (f) Raman spectra of pristine MXene and functionalized MXene with 
PFPA-COOH, PFPA-OMe (e), (g)Raman spectra of pristine PFPA-COOH and PFPA-
OMe. 
 
3.3 summary 
According to the Raman spectra change and the experimental phenomenon we observed, 
the preliminary conclusion is that PFPA-NH2 molecules were absorbed to the surface of 
MXene. Obviously, Only Raman spectra change cannot be a convincing and powerful clue 
to draw the conclusion of successfully functionalization of MXene. More characterization 
methods such as XPS, FT-IR, UV-vis. are needed to confirm the bonding between the 
MXene and molecules. Particularly, XPS can be used to see the near surface region 
chemical composition of the reacted sample. FT-IR can be used to confirm the type of 
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PFPA molecules bonded to MXene. By comparing the absorption before and after the 
functionalization process, we may confirm whether PFPA is covalently bonded or connect 
to the MXene surface through physisorption. Besides, more rigorous washing (including 
extensive sonication in acetone−water solution) should be conducted on the materials to 
ensure that no residue organic molecule reactants remains on the surface.  
3.4 Experimental method  
Synthesis of multilayer Ti3C2Tx: 0.8 g lithium fluoride was dissolved into 2.5 mL of 
deionized water and 7.5 mL 12 M hydrochloric acid solution in plastic bottle. Then, 0.5 g 
Ti3AlC2 (MAX phase) powders was gradually added to the etchant solution and the keep 
the reaction with stirring at 40 °C in a silicon oil bath for 24 h. Etched MXene was washed 
with deionized water, and isolated by centrifugation at 3500 relative centrifugal force 
(RCF) for 5 minutes. Washing was repeated several times until a stable dark-green 
supernatant solution of Ti3C2Tx flakes with a pH of ≈6. The solution was subsequently 
centrifuged for 30 minutes at 3000 RCF, a dark sediment of Ti3C2Tx was observed and 
collected after 30 min of centrifugation at 3500 rpm. 
Assembly of Ti3C2Tx MXene films: MXene was dispersed in the anhydrous isopropyl 
alcohol by sonication for 10 min. Then, 2 mL of hexane was added on top of the water as 
evaporates. Then MXene solution drops was injected to the interface of water and hexane. 
MXene flakes began to assemble on the water surface. Using pipet to move away hexane. 
After hexane was completely evaporated, the floating MXene film was transferred to 
substrates by scooping.  
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Functionalization of MXene film by PFPA molecules: PFPA molecules were dissolved in 
the IPA solvent at the concentration of 2 mg/mL, 4 mg/mL and 6 mg/mL respectively. 
Then the glass substrate loaded with MXene films was immersed in the PFPA solution. 
The whole system was irradiated by UV-light with 365 nm wavelength for 3 h until no 
further color change of the solution was observed. Pick up the substrate after reaction and 
use IPA to clean the surface and dried it by N2 gas gun.  
Characterization: The structure and morphology of the synthesized MXene flakes was 
characterized by Optical microscope, TEM, AFM and Raman spectroscopy. Raman spectra 
were measured using 532 nm laser excitation and a1200 line/mm grating. The power of the 
lasers was around 1.6 mW. 
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